INTRODUCTION
Cell cycle control by oncogenic viruses usually involves disruption of the normal restraints on cellular proliferation and transformation of cells towards malignancy [1, 2] . The virus-encoded regulatory proteins usually play an important role in cell proliferation via the modulation of signal transduction pathways or interference with apoptotic cell death [3, 4] . Increased cell proliferation along with enhanced viral gene expression may promote carcinogenesis [5] .
HBV (hepatitis B virus) is an etiological factor for HCC (hepatocellular carcinoma). Overwhelming epidemiological evidence has shown a strong correlation between chronic HBV infection and development of HCC [6, 7] . The pleiotropic HBx (X protein of HBV) has gained attention due to its presumptive role in oncogenesis. It is known to activate a wide range of viral and cellular promoters through interaction with a number of transcription factors [8, 9] . It can also activate different cell signalling cascades including Ras-Raf-MAPK (mitogenactivated protein kinase), p38 MAPK, JAK (Janus kinase)/STAT (signal transducer and activator of transcription) pathway, cJun N-terminal kinase, PI3K (phosphoinositide 3-kinase), Src tyrosine kinases and calcium-dependent proline-rich tyrosine kinase-2 (reviewed in [8, 10] ) either to favour cell proliferation or to induce apoptotic cell death depending on the prevailing physiological conditions [11] [12] [13] [14] . HBx can stimulate the growtharrested (G 0 ) cells to transit through G 1 -phase by activating Src kinases and inducing the cyclin A promoter and cyclin A-cdk2 (cyclin-dependent kinase 2) complexes [15, 16] . Further, the HBxtransformed AML12 cells or Chang liver cells expressing HBx also show G 1 -to-S and G 2 -to-M progression, which has been interpreted to be due to increased mitogenic signalling coupled with activation of cyclins and CDC2 (cell division cycle 2) kinases [14, 15] . However, the molecular mechanisms of increased rate of entry to S-phase and breakdown of the G 1 /S-phase checkpoint by HBx have not been addressed in these studies. Since the rate of entry to S-phase of the cell cycle is not dependent on the mitogenic signalling itself and rather dependent on the activity of cyclin E, cdk2 and its inhibitors p21
Cip1 and p27 Kip1 [17, 18] , we studied the mechanism of checkpoint deregulation by HBx in a human hepatoma cell line. Here, we provide first evidence for a novel nuclear function of HBx where it directly binds to the cyclin E/A-cdk2 complex and results in increased cdk2 activity, early proteasomal degradation of p27 Kip1 and ultimately shortening of the cell cycle.
EXPERIMENTAL

DNA recombinants
Construction of the eukaryotic expression vectors for wildtype HBx (X0) and its deletion mutant (X9) was as described previously [19] . The prokaryotic expression vector (pET-X) for HBx and production of recombinant protein in Escherichia coli has also been reported previously [20] . The X0-IRES-EGFP (where IRES is internal ribosome entry site and EGFP is enhanced green fluorescent protein) expression vector was constructed by cloning the 475 bp EcoRI fragment of X0 in pIRES2-EGFP plasmid (Clontech Laboratories). Details of other expression vectors can be found elsewhere: shRNA (small-hairpin RNA)
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against HBx (X-D) [21] ; DN (dominant negative) construct for Ras (N17Ras) [22] ; negative regulator of CSK (C-terminal Src kinase) and DN-PI3K [23] ; HA (haemagglutinin)-tagged cdk2 (cdk2-HA) and DN-cdk2-HA [24] ; p27-HA and p27T187A-HA [25] ; and HA-tagged ubiquitin (pUb, MT123) [26] . All the expression vectors were validated prior to use.
Chemical inhibitors and antibodies
The chemical inhibitors used and their working concentrations were: MEK1 inhibitor PD98059 (10 and 40 µM; Cell Signaling Technology); PI3K inhibitor wortmannin (1, 10 and 25 nM); protein tyrosine kinase inhibitor genistein (3 µM); proteasome inhibitors lactacystin (10 µM) and MG-132 (carbobenzoxy-Lleucycl-L-leucyl-leucinal; 20 µM); cdk2 inhibitor olomoucine (7 µM) (all from Calbiochem). Unless stated, cells were pretreated for 90 min with the respective inhibitors prior to preparation of lysates. Specificity of the mAb (monoclonal antibody) (B-8/2/8) against HBx has been reported previously [20] . The polyclonal antiserum was raised in rabbits using rHBx (recombinant HBx) produced in E. coli [20] . All other antibodies were purchased from Santa Cruz Biotechnology.
Cell transfection and flow cytometry
The human hepatoma Huh7 cells and HEK-293 cells (human embryonic kidney cells) (CRL-2784) were grown in DMEM (Dulbecco's modified Eagle's medium) containing 10 % (v/v) FBS (fetal bovine serum). Cells (5 × 10 5 in a 60 mm dish) were transfected with different plasmids (2.5 µg of DNA) using Lipofectin ® (Invitrogen) as per the manufacturer's protocol. For expression/interaction studies, cells were harvested 48 h posttransfection. For pulse-chase experiments, cells were harvested at the indicated time intervals 30 h post-transfection. Cells were synchronized using serum-free medium for 24 h and stimulated by replacing complete medium. The cell-cycle kinetics were performed on cells grown in the absence or presence of serum using a FACS Calibur flow cytometer (Becton Dickinson) after staining with propidium iodide [27] . In addition to FL2 height, FL2 area (A) and width (W) were also measured to permit doublet discrimination [28] . Analysis of the multivariate data was performed with CELLQuest software (Becton Dickinson) and cell-cycle analysis was performed using FlowJo software (Tree Star). Results were compiled with Microsoft Excel and plotted with Sigma Plot software (SPSS).
RNA isolation and RT (reverse transcriptase)-PCR
Total RNA was isolated from transfected Huh7 cells using TRIzol ® reagent as per supplier's instructions (Gibco BRL) and reverse-transcribed (5 µg of RNA) using oligo-dT primer and MuLV RT as per the supplier's instructions (Promega). Aliquots of RT samples were used for semi-quantitative PCR for mRNAs of cyclin E, cyclin A, HBx and β-actin. The following sets of primers were used: human β-actin, forward (actin-F) 5 -GCTATCCA-GGCTGTGCTAT-3 and reverse (actin-R) 5 -GATGGAGTTG-AAGGTAGTTT-3 ; cyclin A, (A-RT-F) 5 -AGCCAGTGAGT-GTTAATGAAGTACC-3 and (A-RT-R) 5 -GATGCAGAAAGT-ATTGGGTAAGAAA-3 ; cyclin E, (E-RT-F) 5 -CAGCACTT-TCTTGAGCAACACCCTC-3 and (E-RT-R) 5 -TCTCTATGT-CGCACCACTGATACCC-3 ; HBx, HBx-17 (F) 5 -GCTGCT-AGGCTGTACTGC-3 ; and HBx-18, (R) 5 -TTAGGCAGAGG-TGAAAAAG-3 . The PCR products of 446, 586 and 462 bp were obtained for β-actin, cyclin A and cyclin E respectively. X0 and X9 resulted in products of 465 bp and 360 bp respectively.
In vitro expression of proteins and in vitro binding studies
The X0 and X9 recombinant proteins (0.5 µg) were also produced in vitro using TNT T7 coupled reticulocyte lysate system, as per the supplier's instructions (Promega), and were used in binding studies with cell extracts or recombinant cyclin A-cdk2 complex, as per supplier's instructions (Cell Signaling Technology).
Immunoprecipitation and Western blotting
For immunoprecipitation, the transfected Huh7 cells were lysed in buffer A [50 mM Tris/HCl (pH 7.6), 120 mM NaCl and 0.5 % (v/v) Nonidet P40] and the extracts were incubated with different primary antibodies (1 µg) for 2 h at 4
• C. Protein ASepharose beads (Amersham Biosciences) were added to each sample (10 %, v/v) and incubated further for 1 h at 4
• C. After four washes with buffer A, samples were recovered in 25 µl of SDS gel-loading buffer by heat treatment [19] , resolved by SDS/PAGE (12 % gel) and electrotransferred on to a nitrocellulose membrane. Protein bands were visualized by ECL (enhanced chemiluminescence) detection system (Cell Signaling Technology). For Western blotting, equal amounts of protein samples were directly processed and visualized as above.
Pulse-chase analysis
To find the turnover of cyclin E and p27
Kip1 , the X0-or X9-transfected Huh7 cells were metabolically labelled in the presence of 110 µCi of [
35 S]cysteine/methionine mix (NEN Life Science Products) for 2 h, followed by incubation with an excess of unlabelled methionine and cysteine for different time periods. After washing with ice-cold PBS, cell lysates were prepared in buffer A, immunoprecipitated using anti-cyclin E or anti-p27 antibodies, resolved by SDS/PAGE (12 % gel) and autoradiographed.
In vitro phosphorylation
Affinity-purified recombinant HBx, GST (glutathione S-transferase)-Rb (retinoblastoma protein) (Cell Signaling Technology), γ -IFN (γ -interferon) and histone H1 (Roche) were incubated in buffer C [50 mM Tris/HCl (pH 7.5), 10 mM MgCl 2 and 1 mM dithiothreitol] in the presence of 10 µCi of [γ -32 P]ATP and immunoprecipitated cdk2 for 30 min to 1 h at 30
• C. Samples were resolved by SDS/PAGE (15 % gel) and autoradiographed. In vitro phosphorylation studies of p27
Kip1 were carried out as described by Hengst and Reed [29] .
RESULTS
Regulation of the cell cycle by HBx
Since HBx is known to deregulate the cell cycle through mitogenic signalling, we first studied the distribution of cells in different phases of the cell cycle in a population of cells co-expressing EGFP and HBx. Both non-hepatoma and hepatoma cells were transiently transfected with X0-IRES-EGFP and the HBx-positive cells (gated for EGFP expression) were analysed by FACS. HBx expression itself did not result in blockade of the cell cycle at any restriction point thus ruling out the possibility of spontaneous checkpoint activation. The overall cell cycle had the typical pattern of G 1 → S → G 2 /M phase progression (see Supplementary Figure 1 at http://www.BiochemJ.org/bj/401/bj4010247add.htm). Nevertheless, HBx had a profound alteration of the cell cycle transitions even in the absence of serum ( Figure 1 ). The 'slope' of sinusoidal curves indicated the 'rate of cycling' events between individual stages in the presence of HBx. The control The multivariate data were analysed as described in the Experimental section. Cells (%) in different phases of the cell cycle from the EGFP-gated population (+HBx) were plotted against indicated time intervals. At each time point, the EGFP-negative cells (-HBx) from the same sample were used as control.
Table 1 Flow cytometric analysis of HBx-expressing Huh7 cells
Huh7 cells were transfected with X0 or X9 (2.5 µg) and, 4 h post-transfection, changed to serum-free medium for 24 h. After scraping, cells were stained with propidium iodide and analysed by flow cytometry (n = 3). asyn, asynchronous; strv, serum starvation. Analysis was performed using Watson pragmatic algorithm. cells maintained a uniform slope, while the HBx-positive cells cultured for 18 h or longer showed rapid cycling with progressive deregulation ( Figure 1A ). Although the number of control as well as of the HBx-expressing cells gradually increased at G 0 /G 1 block in the absence of mitogens (serum), the S-and G 2 /M-phases still progressed to the next phase, albeit slowly. Further, in the presence of serum more HBx-expressing cells appeared to undergo cycling as compared with control cells ( Figure 1B) . Interestingly, the HBx deletion mutant X9 ( 85-119), which lacks the ability to induce mitogenic pathways [30] , also failed to induce cell cycle progression (Table 1) , suggesting the involvement of multiple signalling cascades or breakdown of anti-proliferative signals in the deregulation of the cell cycle by HBx [31] .
Distribution of cells during cell cycle (%)
Condition G 0 /G 1 S G 2 /M
HBx destabilizes p27 Kip1
As our FACS data suggested increased rate of entry into Sphase in the presence of HBx, we next focused on the molecular constituents of the cyclin E-cdk2 complex that drives the G 1 /Sphase transition of the cell cycle [32] . Semi-quantitative RT-PCR was carried out to find out whether the proliferative advantage of HBx-expressing cells was related to high levels of cyclins. As shown in Figure 2 (A), there was no major difference in the levels of cyclin E and cyclin A transcripts in the presence of X0 or X9 despite their differential regulation of the cell cycle. However, a marginal accumulation of cyclin E and A transcripts was observed in these as compared with controls. Next we analysed the composition of the cyclin-cdk2 complexes in the X0-and X9-transfected cells at protein level. The HBx-and mock-transfected cells were immunoprecipitated with cyclin E antibody and the immune complexes were sequentially probed for the presence of cyclin E, cdk2, p27 and HBx. Figure 2 (B) shows that while the cyclin E and cdk2 levels remained unchanged in all cells, p27 was conspicuously absent from the X0-expressing cells (lane 2). The level of cyclin E-associated p27 was, however, maintained in the X9-transfected and control cells (lanes 3 and 4) . Here, the expression of X0 and X9 was confirmed using the polyclonal antiserum because mutant X9 lacks the epitope for the mAb B8/2/8 [20] . The specificity of p27 regulation by X0 was further confirmed using an shRNA against HBx (X-D) [21] . Expression of X-D along with X0 stabilized the levels of p27 and restored its interaction with cyclin E ( Figure 2C, upper panel, lane 2) . The stability of p27 was further investigated in the synchronized X0-transfected cells. There was a marked reduction in the cellular pool of p27 as early as 6 h after serum stimulation as compared with control (12 h). The levels of p21
Cip1 remained unchanged under these conditions ( Figure 2D ). Interestingly, an early appearance coupled with increased stability of cyclin E was also observed in the presence of HBx ( Figure 2D ).
Destabilization of p27
Kip1 is signalled by a post-translational modification Recent studies suggest an extensive role of translational and posttranslational processes in the regulation of p27 [33] . Our studies along these lines suggested no influence of HBx on the translational stability of p27 and there was only a marginal increase in its overall ubiquitination status (see Supplementary Figure 2 at http://www.BiochemJ.org/bj/401/bj4010247add.htm). However, pulse-chase analysis demonstrated a rapid destabilization of p27 in the presence of HBx, reducing its half-life to nearly 3 h as against approx. 9 h in control cells ( Figure 3A) . Under similar conditions, the stability of p27 was not affected in the X9-transfected cells. The HBx-related destabilization of p27 could be blocked in the presence of olomoucine and proteasome inhibitors, suggesting the role for cdk2 and proteasome in the regulation of p27 [34, 35] . Interestingly, there was a marked increase in the stability of cyclin E in the presence of X0 and X9 as well as lactacystin ( Figure 3B ).
Only cdk2-bound p27
Kip1 is destabilized by HBx
During G 1 /S transition, p27 is known to associate with both cdk2-cyclin and cdk4-cyclin complexes. Therefore the levels of both cdks were monitored in the p27 immunoprecipitates of X0-transfected cells. As shown in Figure 4 , even low levels of HBx could destabilize the cdk2-bound p27, while the cdk4-bound p27 remained unaffected. Since Skp2 (p45) of the SCF (Skp1/cullin/Fbox) ubiquitin-protein ligase complex regulates the entry of cell cycle into S-phase by inducing the degradation of phosphorylated p27 Kip1 [36] , the dynamics of p27 interaction with Skp2 and cdk2 was studied. In the presence of HBx, this interaction appeared to initiate at 4 h but destabilized within a short span as compared with control (results not shown). The initial decline in the p27-Skp2 interaction could mark the end of G 1 -phase [37] .
Phosphorylation of p27
Kip1 at Thr 187 is critical for destabilization
Since X0 and X9 differentially regulated p27, and the X0-related destabilization of p27 could be blocked by cdk2 inhibitor olomoucine, in vitro phosphorylation of p27 was studied using cdk2 Huh7 cells were transfected with p27-HA (2 µg) and increasing amounts (1-3 µg) of X0. The cell extracts were immunoprecipitated with anti-HA antibody followed by Western blotting for cdk2 and cdk4.
immunoprecipitates from the X0-and X9-transfected cells. There was a marked increase in the phosphorylation of recombinant p27 in the presence of X0 ( Figure 5A , lane 3) which was blocked in the presence of a DN mutant of cdk2 (DN-cdk2-HA) (lane 4). No change in the phosphorylation status of p27 was observed in the presence of X9 (lanes 5 and 6). Phosphorylation of p27 occurred exclusively at Thr 187 which is a signature for its destabilization [34]. As expected, p27
T187A mutant was not destabilized in the presence of X0 ( Figure 5B ).
HBx potentiates cdk2 activity
Increased p27 phosphorylation by the cdk2 immunoprecipitate from the X0-transfected cells prompted us to investigate possible change in phosphorylation potential of cdk2. In vitro phosphorylation of GST-Rb and histone H1 was carried out using the cdk2 or HBx immunoprecipitates from the X0-and X9-transfected cells. There was a marked increase in the phosphorylation of Rb and histone H1 in the presence of X0 that was inhibited by olomoucine (see Supplementary Figure 3 at http://www.BiochemJ.org/bj/401/ bj4010247add.htm). However, like control cells, X9 did not potentiate the activity of cdk2. To establish the induction of cdk2 activity in the presence of HBx, histone H1 and GST-Rb were incubated with cdk2 immunoprecipitates and increasing amounts of rHBx. As shown in Figure 6 (A), there was a dramatic increase in the cdk2 activity with increasing amounts of rHBx. Interestingly, rHBx was also observed to be a substrate of cdk2 with phosphorylation at its serine residue(s) ( Figure 6B, lanes 3 and 6) , suggesting a possible functional relationship between HBx and the active cyclin-cdk2 complex in a cellular environment.
HBx binds to the cyclin E/A-cdk2 complex
The interaction between HBx and cyclin-cdk2 complex was studied using the pull-down assay. Cell extracts were first immunoprecipitated with anti-HBx mAb followed by Western blotting for the key constituents of the cyclin-cdk2 complex. Our results suggested that HBx interacted with cyclin A, cyclin E as well as cdk2 ( Figure 7A ). Furthermore, antisera for cyclin A and cyclin E also co-precipitated HBx ( Figure 7B, lane 6) . Sequential reprobing of individual blots confirmed the presence of both HBx cdk2 (A, B) . The levels of total and phospho-Ser 795 -Rb were also measured in these extracts (C). One-tenth of extracts were used for measuring the levels of β-actin (D). PI, preimmune control. and cdk2, which suggested an association between HBx and cyclin E/A-cdk2 complex under in vivo conditions. Sequence analysis of HBx predicts a conserved 'R 96 XL 98 ' motif in its D region (amino acids 85-119) which is considered essential for interaction with G 1 cyclins [38] . Immunoprecipitation of the X0-and X9-transfected cell extracts with polyclonal HBx antiserum followed by Western blotting for the constituents of cyclin E/A-cdk2 complex suggested that the D region of HBx was indeed involved in binding to both cyclin A and cyclin E and was not required for interaction with cdk2 ( Figure 7C) . Further, expression of X0 and X9 was confirmed in these extracts by Western blotting. To establish the specificity of HBx-cyclin interaction, X0 and X9 proteins produced in vitro were mixed with cell extracts and analysed for binding to cyclin E and cdk2 by sequential probing for cyclin E followed by cdk2. Only the X0 protein showed interaction with both cyclin E and cdk2, while X9 bound only to cdk2 ( Figure 7D ). Furthermore, X0 protein produced in vitro specifically bound to the recombinant cyclin A-cdk2 complex as this could be abolished after preincubation with the anti-HBx mAb and not observed with pre-immune sera ( Figure 7E ).
HBx interacts with cyclins in a cell cycle-dependent manner
Since cyclin accumulation is a periodic event reflecting cell cycle progression [17] , the interaction between HBx and the cyclincdk2 complex was further investigated in synchronized hepatoma cells. The levels of HBx-associated cyclin E, cyclin A and cdk2 were investigated by pull-down assay after releasing the G 0 /G 1 block. Formation of an early ternary complex between HBx and cyclin E/A-cdk2 was apparent (Figure 8 ). While the HBxcyclin E interaction could be observed as early as 2 h post-release ( Figure 8A) , that with cyclin A could be seen at 7 h ( Figure 8B ). These interactions appeared much earlier as compared with mock transfected cells (results not shown), increased over time and were sustained throughout the cell cycle. Here, the early appearance of active cyclin complexes was translated into early phosphorylation of endogenous retinoblastoma (Rb) at Ser 795 ( Figure 8C ) which is an important measure of cell cycle progression [39] .
Src kinases modulate the interaction of HBx with the cyclin E-cdk2 complex
HBx is well known to modulate many signalling cascades [8, 9] . To find the influence of these cascades on the association of HBx with active cyclin complex, co-immunoprecipitation studies were performed using pharmacological and physiological inhibitors of selected pathways. As shown in Figure 9 , both MAPK inhibitor PD98059 and PI3K inhibitor wortmannin had no effect on the interaction between HBx and cyclin-cdk2 complex irrespective of the presence of serum ( Figure 9A ). However, Src kinase inhibitor genistein blocked the HBx-cyclin E interaction within 3 h ( Figure 9B ) by down-regulating tyrosine phosphorylation and suggested a specific requirement of these kinases in the formation of ternary complex ( Figure 9C ). Further, CSK, the physiological inhibitor of Src kinases, also abolished this interaction without affecting the cellular pool of active cyclin Ecdk2 complex. The DN constructs N17Ras and DN-PI3K showed no role for Ras-Raf-MAPK or PI3K pathways in this interaction (see Supplementary Figure 4 at http://www.BiochemJ.org/bj/401/ bj4010247add.htm). The activation profiles of ERK1/2 (extracellular-signal-regulated kinase1/2) or Akt in these extracts confirmed the expression of these physiological inhibitors and pointed to an active maintenance of these pathways in the presence of HBx.
Thus HBx appears to use a constitutive Src kinase pathway to associate with the cyclin E-cdk2 complex leading to potentiation of cdk2 activity, early destabilization of p27
Kip1 and deregulation of the cell cycle at G 1 /S-phase.
DISCUSSION
Oncogenic viruses are endowed with the ability to stimulate the cell cycle progression in order to facilitate their own replication. In doing so, viruses generally override the normal cell cycle restrictions or 'checkpoints' that are known to maintain the integrity of cell cycle transitions and in turn extend proliferative signals to host cells to establish a carcinogenic environment [2, 7, 40, 41] . Driving the HBV-infected cells to grow continuously may be essential for active viral replication, persistent viral infection and full manifestation of the oncogenic potential of HBx leading to the development of HCC [6, 7] . However, it is not clear how HBx signals the abrogation of the G 1 /S-phase checkpoint and arrival of an early S-phase. Although there are many reports on the shortening of the cell cycle in the presence of HBx, the molecular mechanism governing this intricate process has not been detailed so far. These reports put emphasis on mitogenic signalling by HBx as the (A, B) . Extracts from the genistein-treated cells were also immunoprecipitated with anti-Src kinase antibody followed by Western blotting for phosphotyrosine (C). One-tenth of the cell extracts were also probed for the levels of active and total ERK1/2 and PI3K-Akt. The asterisk indicates treatment with wortmannin for 5 min. PI, preimmune control.
main reason for the deregulation of the cell cycle [14, 15] although the G 1 /S-phase transition is modulated exclusively by the 'activity' of cyclin E/cdk2, phosphorylation status of Rb and the stability of cdk inhibitors such as p21
Cip1 and p27 Kip1 [17, 18] . Therefore the present study was focused at understanding the mechanism of the G 1 /S checkpoint deregulation by HBx. Our cell culturebased studies suggested that HBx can overcome the G 0 and G 1 /S checkpoints even in the absence of serum and accelerated the overall pattern of G 1 → S → G 2 /M phase progression by increasing the rate of entry into S-phase. Note that mutant X9 that does not activate mitogenic signalling pathways [30] failed to bypass the G 0 checkpoint, which is in accordance with absolute requirement of mitogenic stimulation for overcoming G 0 /quiescence state [17] .
Since the early enhanced G 1 /S transition usually involves a combination of high levels of cyclins and low levels of cdk inhibitors as seen in many human malignancies [42, 43] including HCC [44] , the levels of cyclins and cdk inhibitors were monitored in the HBx-expressing cells. We observed an early specific degradation of p27 Kip1 and stabilization of cyclin E in the presence of HBx. The reversal of p27 levels in the presence of shRNA against HBx suggested that p27 in the HBx-expressing cells were functional and not impaired for binding to the cyclincdk2 complex. The destabilization of p27 was initiated by cdk2-mediated phosphorylation of p27 at Thr 187 which is known to signal its proteolytic degradation [34, 45] . Interestingly, only cdk2-bound (and not cdk4-bound) p27 was targeted for degradation, suggesting extreme specificity of the regulatory mechanisms. The ubiquitination status of p27 was, however, not affected and HBx appeared to facilitate the distribution of phosphorylated p27 from cdk2-bound state to SCF-bound form probably via the PI3K pathway [37] . We were also intrigued by the stabilization of cyclin E in the presence of both X0 and X9. Since cyclin E regulation involves multi-site phosphorylation by cdk2 and GSK3-β (glycogen synthase kinase 3-β) [46] , it is quite possible that the two kinases are differentially modulated by X0 and X9 leading to overall stabilization of cyclin E.
We also observed a dramatic increase in the cdk2 activity in the presence of HBx both in vitro and in vivo for its cognate substrates like histone H1 and Rb which is known to signal an early G 1 /S transition. This mechanism is reportedly shared by other viral proteins like Tax protein of human T-cell leukaemia type I [47] and frequently seen in HCC lesions [48] . Potentiation of cdk2 activity by HBx and presence of cdk2 activity in the HBx immunoprecipitates prompted us to explore whether HBx interacted with the cyclin-cdk complex and/or acted as a substrate of cdk2. Our in vitro phosphorylation studies with cdk2 revealed specific phosphorylation of HBx at serine residues. Although HBx lacks the consensus cdk2 recognition motifs (S/T)PX(K/R), its serine-rich N-terminal region (residues 21-57) could be a possible site for phosphorylation. Note that cdk2 does not have a strict requirement for this motif as cyclin E and the hOrc1p (human origin recognition complex protein) with mutation in the core motif could be phosphorylated [46] . Our in vitro and in vivo coimmunoprecipitation studies provide confirmatory evidence for HBx being an interacting partner of the cyclin E/A-cdk2 complex. While HBx appears to use its 'RXL' motif for its interaction with cyclins [38] , the interaction with cdk2 was either indirect or through multiple sites.
The interaction between HBx and the cyclin-cdk2 complex was cell cycle dependent, where interaction with cyclin E appeared earlier than with cyclin A and persisted longer in the presence of HBx. An early accumulation of cyclin E could allow an early passage through G 1 /S restriction point and aid cdk2-independent functioning of cyclin E [49] . Besides, the sustained presence of cyclin-cdk2 complexes is likely to provide a proliferative advantage to cells through early dephosphorylation of Rb and other Rb family proteins [15] . Accordingly, we observed an early and increased phosphorylation of Rb at Ser 795 in the presence of HBx which is well correlated with cdk2 activity and the hallmark of cells being either in G 1 /S-phase transition or in S-phase. Further, our findings on the constitutive requirement for Src kinases on the interaction between HBx and the cyclin-cdk complex itself are in tune with earlier observations on their involvement in cell cycle deregulation by HBx [16] .
Thus HBx appears to deregulate the cell cycle by altering the rate of cycling events between individual stages. At molecular level, it involves destabilization of p27 Kip1 and stabilization of cyclin E. The process is mediated by a direct interaction between HBx and cyclin E/A-cdk2 complexes and potentiation of cdk2 activity since mutant X9 that did not interact with cyclin E/Acdk2 also failed to increase cdk2 activity, destabilize p27 or induce an early cell cycle progression. The enhanced cdk2 activity eventually regulates the activity of key cell cycle proteins such as Rb, p27 Kip1 and cyclin E and affects its status. Our study also explains the reasons for shortening of the cell cycle by HBx. Since, viral HBx can transform cells in culture or induce HCC in transgenic mouse models [50, 51] , it will be interesting to know how low levels of HBx expressed from the HBV genome could induce cellular transformation. Note that HBx-expressing cells can transit through S-and G 2 /M-phases of the cell cycle even in complete absence of serum, suggesting not only a reduced requirement for exogenous factors but their insensitivity to antiproliferative signals. It will be equally interesting to investigate the molecular mechanism of HBx-mediated breakdown of antiproliferative signalling cascades in vivo.
